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Abstract Buoyancy measurements and depth of capture
were taken on 70 individuals of Dissostichus mawsoni
collected from the Southern Scotia Arc and McMurdo
Sound, Antarctica, to examine the effect of age on
buoyancy and habitat use. Standard lengths (SL) ranged
from 10.4 to 138.0 cm. Juveniles were not buoyant
(heavy in water), whereas adults were neutrally buoyant.
The slope of the relationship between buoyancy and SL
was significantly negative for juveniles (individuals less
than 81 cm SL), but there was no significant relationship
for adults (individuals greater than 81 cm SL). These
results demonstrate an ontogenetic shift in buoyancy.
For juveniles, depth of capture and SL had a sig-
nificantly positive relationship. As individuals reach
adulthood they achieve neutral buoyancy and appear to
use deeper water habitats. This interpretation is sup-
ported by a significant positive correlation between
buoyancy and depth of capture for juveniles. Changes in
buoyancy with maturation of juveniles may also be as-
sociated with a shift in habitat use. Juveniles appear to
exploit benthic habitats, whereas adults use the entire
water column over deeper water. Given the differences in
prey species available in these habitats and based on our
results, we predict that diets of juveniles and adults
should differ significantly. We also hypothesize that
accumulation of lipid deposits from the diet during
maturation of juveniles may account for the ontogenetic
shift in buoyancy and allow neutral buoyancy to be
achieved in adulthood.
Introduction
The monophyletic Notothenioidei dominates the fish
fauna of the Southern Ocean surrounding Antarctica.
Morphological and ecological diversification in this
lineage, which is comprised of approximately 120 spe-
cies, is substantial and thought to be associated with
exploitation of novel niches in the water column (East-
man 1993). Most notothenioids are benthic and heavier
than seawater, and all species lack a swimbladder
(Eastman and DeVries 1982). However, previous in-
vestigators have noted a trend within a few notothenioid
lineages towards pelagism, allowing exploitation of un-
derutilized and food-rich midwater habitats around the
Antarctic continent (Eastman 1993; Klingenberg and
Ekau 1996). Two notothenioid species, Dissostichus
mawsoni and Pleuragramma antarcticum have been
found to be neutrally buoyant in seawater as adults
(Eastman and DeVries 1982). Aethotaxis mitopteryx is
thought to exhibit neutral buoyancy, but the buoyancy
of non-preserved specimens has never been measured
(Eastman and DeVries 1982; Eastman 1993). Despite
using similar water column habitats, the ecology of these
three species differs considerably. P. antarcticum and
A. mitopteryx are intermediate-sized (maximum 25 cm
and 42 cm total length, respectively), laterally
compressed, silver-colored, planktotrophic species,
whereas D. mawsoni is the largest notothenioid species
(maximum total length 175 cm), and is a piscivore that
feeds heavily on P. antarcticum (Daniels 1981; Eastman
1985b; DeWitt et al. 1990).
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The evolution of neutral buoyancy observed in
notothenioids has been hypothesized to have at least two
origins in the history of the diversification of the clade
(Eastman 1993). However, recent phylogenetic analysis
of morphological variation in notothenioids recovered a
monophyletic clade, Pleuragrammatinae, containing all
of the neutrally buoyant notothenioids, P. antarcticum,
A. mitopteryx, and D. mawsoni (Balushkin 2000). This
result is not in conflict with previous mitochondrial
DNA analyses of notothenioid phylogeny, as these stu-
dies failed to resolve the phylogenetic relationships of
these species (Bargelloni et al. 2000).
Buoyancy in notothenioids is achieved through re-
duction of skeletal ossification and the presence of
subcutaneous and intramuscular lipid deposits (DeVries
and Eastman 1978; Eastman and DeVries 1981, 1982).
Neutrally buoyant notothenioid species have sig-
nificantly greater amounts of total lipids in their bodies
than do non-buoyant species (Clarke et al. 1984;
Friedrich and Hagen 1994), and the accumulation of
lipids is hypothesized to provide lift for neutral buoy-
ancy in the absence of a swimbladder. Associated with
the increased amounts of lipids in neutrally buoyant
notothenioid species is a reduction in ossification of the
skeleton (DeVries and Eastman 1978; Eastman and
DeVries 1981; Eastman 1985a). The weight of ashed
skeletons of D. mawsoni, P. antarcticum, and A. mi-
topteryx are proportionately the lightest among ex-
amined notothenioids, indicating that the skeletons of
these species exhibit a low mineral content, which con-
tributes to the reduced density of these species in sea-
water (Eastman and DeVries 1982).
Among the neutrally buoyant notothenioid species,
P. antarcticum exhibits the most specialized modifica-
tions for lipid deposition. Lipid stores in P. antarcticum
are in subcutaneous and intramuscular sacs composed of
modified adipocytes surrounding large lipid droplets, a
condition unique among vertebrates (DeVries and
Eastman 1978; Eastman 1988; Eastman and DeVries
1989). A. mitopteryx contains subcutaneous and in-
tramuscular lipid deposits but, unlike P. antarcticum, its
lipids are contained in adipose tissue typical of most
vertebrates (Eastman and DeVries 1982). Lipids in D.
mawsoni are contained in subcutaneous and muscular
deposits of adipose tissue (Eastman and DeVries 1981;
Eastman 1988). Unlike P. antarcticum and A. mito-
pteryx, D. mawsoni does not have any intramuscular
lipid deposits.
A thorough analysis of total lipid content in five
notothenioid species discovered an ontogenetic increase
of lipid accumulation in P. antarcticum. Juvenile speci-
mens exhibited proportionately lower amounts of lipid
than adult specimens, a trend supported by a significant
correlation between lipid content and standard length
(Friedrich and Hagen 1994). Unfortunately, buoyancy
measurements are not available for these specimens to
investigate either the relationship between proportional
lipid content and buoyancy or the possibility of an
ontogenetic shift in buoyancy.
Previously published information on buoyancy and
lipid content of D. mawsoni is restricted to adults
collected at McMurdo Sound, Ross Island (Eastman
and DeVries 1982; Clarke et al. 1984). Furthermore,
little is known regarding the diet and habitat use of ju-
venile D. mawsoni. In this study we measure the buoy-
ancy of different sizes of D. mawsoni to determine if
there is an ontogenetic shift in buoyancy of this species
and the relationship of buoyancy to depth of capture.
These results are discussed in relation to the ecology
of juvenile D. mawsoni and the functional biology of
neutral buoyancy in notothenioid fishes.
Materials and methods
Specimens were collected at locations in the southern Scotia Arc in
March 2001, and in McMurdo Sound, Ross Island in December
2001. The southern Scotia Arc specimens were collected in con-
junction with a demersal finfish trawl survey of the South Shetland
Islands aboard the R.V. Yuzhmorgeologiya conducted by the US
AMLR (Antarctic Marine Living Resources) Program (Jones et al.
2001) for the management of finfish resources by CCAMLR
(Commission for the Conservation of Antarctic Marine Living
Resources) in this area. The fishing gear was a commercial size
bottom trawl with vented V-doors, an average mouth width 18.2 m
(15.5–21.0 m), and height of 8.5 m (6.2–10.7 m). The survey was
based on a random depth stratified sampling design consisting of 71
stations between 50 and 500 m; each trawl haul lasted approxi-
mately 30 min. D. mawsoni were captured at 32 of these stations in
depths ranging from 89 to 409 m.
Specimens from McMurdo Sound were collected approximately
8 km from the US McMurdo Station (7751¢S, 16640¢E) located
on Ross Island. Fishes were collected using a vertical set line of
2.4 mm stainless steel cable with baited hooks, housed in a fishing
hut located over a 107 cm hole through the sea ice, which was
approximately 2–3 m thick. Preliminary efforts at catching D.
mawsoni over shallow water in McMurdo Sound have yielded few
specimens while large numbers of specimens are captured near the
bottom in 400–500 m of water (A.L. DeVries, personal observa-
tion).
Fishes were anesthetized using MS-222 and standard length
(SL) was measured to the nearest 0.1 cm. Juvenile fishes were
identified as measuring less than 81 cm SL, based on previous as-
sessments of gonad maturity (Yukhov 1971; Eastman and DeVries
2000). Buoyancy was measured using the protocol developed by
Eastman and DeVries (1982) and is summarized here. The weight
in air of anesthetized fishes was determined using a top-loading
electronic balance for small specimens, and large specimens were
weighed using a dial-reading platform scale with a 91-kg capacity.
The weight in water was measured by attaching the lower jaw to a
bent insect pin or small-gauge needle connected to a piece of silk
suture. The other end of the silk thread was attached to an Ohaus
triple beam balance or an electronic balance resting on a stable
platform suspended over the water container. After removing air
from the gill and oral cavities, weight in water was determined by
suspending the specimen, attached to the scale with the thread, into
a large container of seawater maintained at the temperature at
which the fishes were collected (1.0–2.0C for Scotia Arc, )1.9C
for McMurdo Sound). Buoyancy (B), the percentage of weight in
air supported when in water, was estimated from the ratio of weight
in water over weight in air ·100. Neutrally buoyant individuals
were identified as those where B <0.06% (Eastman 1993).
Inspection of the scatter plots of buoyancy versus SL, and
depth of water at collection location versus SL revealed that the
relationships between these parameters differ between juveniles and
adults (Fig. 1). We used the general linear model procedure in SAS
(The SAS System Release 8.1) to conduct an analysis of covariance
125
for the relationship between buoyancy and SL (covariate). We in-
cluded a categorical independent variable (age, represented as ju-
venile or adult) to test for potential differences in the slope of the
relationship (SL · age interaction term) between juveniles and
adults. We used Pearson correlation to test for a relationship be-
tween depth and SL and between buoyancy and depth in juveniles.
Results
We obtained measurements of standard length (SL),
buoyancy, and depth for 70 D. mawsoni individuals. Of
these, eight were adults (SL: 81.0–138.0 cm) captured at
McMurdo Sound, and the remaining individuals were
juveniles (SL: 10.4–53.1 cm) from the Southern Scotia
Arc. The relationship of buoyancy to SL was sig-
nificantly different for adults and juveniles (significant
interaction term SL · age; Table 1; Fig. 1a). Buoyancy
increased significantly with SL for juveniles (b =
)0.039, SEb 0.007, df =66, t =)5.38, P <0.0001), but
had no significant relationship with SL for adults (P
=0.6009). This result was paralleled in the relationship
between depth and SL. As juveniles increased in size,
they were captured in deeper water (r =0.61, n =62, P
<0.0001), whereas adults tended to be captured in the
deepest depths of water sampled. Juvenile buoyancy had
a significant negative correlation with depth (r =)0.346,
P =0.0059), suggesting that juvenile D. mawsoni occu-
pying deeper water habitats tended to be more buoyant
(Fig. 2).
Discussion
A pattern of repeated evolution of pelagic species into
the under-exploited water column habitats of the
Southern Ocean has been proposed as a model for the
adaptive radiation of notothenioid fishes (Eastman
1993; Klingenberg and Ekau 1996; Eastman and
McCune 2000). Our analyses of buoyancy variation
within D. mawsoni indicate that the species exhibits a
strong ontogenetic shift in buoyancy (Fig. 1A, Table 1).
Compared with larger-sized adults, juveniles are less
buoyant (greater weight in water) and gradually become
more buoyant with increasing size until they reach a SL
of 81 cm (the adult size class), at which time they are
neutrally buoyant. A similar ontogenetic shift in depth is
seen (Fig. 1B). It appears that juveniles are found in
shallower habitats and adults are not, and that adults
and juveniles are not captured in the same depth of
water, although this apparent relationship could be af-
fected by the fishing method used. A similar pattern of
size segregation by depth is observed in the neutrally
buoyant P. antarcticum, in which the smallest in-
dividuals are found in the shallowest depths, and adults
occupy the deepest waters (Hubold 1984; Kellerman
1986).
Attaining neutral buoyancy would potentially allow
D. mawsoni to exploit food sources in the entire water
column while reducing energy expenditures in over-
coming the effects of gravity. Previously, large adult
D. mawsoni have been captured primarily in deep water
Table 1 Analysis of covariance for the relationship of buoyancy
with standard length (SL). The coefficient of determination for the
fullmodel was r2=0.91
Source F-value (1, 66) Probability
Buoyancy
SL 39.92 <0.0001
Age 50.32 <0.0001
SL · age 31.18 <0.0001
Fig. 1 Scatterplots of A buoyancy and B depth of capture versus
standard length in Dissostichus mawsoni. Note that regression lines
are fit through data for juveniles only
Fig. 2 Correlation of buoyancy with depth of capture in juvenile
D. mawsoni
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near the bottom, and not in the water column. However,
video cameras mounted on Weddell seals (Leptonychotes
weddellii) over water approximately 540 m deep in
McMurdo Sound have encountered large D. mawsoni in
the water column at a mean depth of 132 m below the
surface (Fuiman et al. 2002). The occurrence of D.
mawsoni near the bottom, as well as in the water column,
is possibly a result of exploiting benthic prey at times of
the year when prey is scarce in the pelagic habitat. Our
findings indicate that as juveniles become more buoyant,
they occupy deeper water habitats (Fig. 2). We hy-
pothesize that the ontogenetic shift towards use of dee-
per waters offers more water column habitat to exploit,
while deeper portions of the depth range may provide a
refuge from predation by seals.
If the ontogenetic shift in depth allows juvenile and
adult D. mawsoni access to different food resources, then
a similar ontogenetic shift in diet would be expected.
Previous observations of diet and depth of water at
capture in D. mawsoni have noted differences between
juvenile and adults that parallel our findings. Adult D.
mawsoni are found in deep water habitats, often far from
coastal regions (Yukhov 1971; Ekau 1990; Eastman and
DeVries 2000; Vacchi et al. 2000). The diet of adults
suggests that they feed in water column, rather than
benthic, habitats because the majority of prey consists of
squid, pelagic and cryopelagic fishes, and mysid shrimp
(Yukhov 1971; Eastman 1985a, 1985b; Pakhomov
and Tseytlin 1992). In contrast, the smallest juvenile
D. mawsoni encountered (11–71 cm SL) have been re-
ported from shallow, near-shore habitats (Yukhov 1971;
Pakhomov and Pankratov 1992; Eastman and DeVries
2000). Direct observation by underwater video suggests
that juvenile D. mawsoni use benthic habitats (Eastman
and Barry 2002). Although the diet of juvenile
D. mawsoni is poorly known, stomachs of juveniles
ranging in size from 10.4 to 11.8 cm SL contained
mainly euphausiids and benthic larval fishes (Pakhomov
and Pankratov 1992). Stomachs of juveniles in this study
contained primarily euphausiids, mysids, and benthic
juvenile fishes, and the size and frequency of prey fishes
in the diet increased with SL (Jones et al. 2001; T.J. Near,
personal observation).
The association between lipid deposits and buoyancy
in neutrally buoyant notothenioids provides a potential
mechanism to explain the ontogenetic trend in buoyancy
observed in D. mawsoni. We hypothesize that the ob-
served ontogenetic accumulation of lipids in P. antarc-
ticum (Friedrich and Hagen 1994) also occurs in D.
mawsoni. Triacylglycerols are the major lipid class in all
notothenioid species examined (Clarke et al. 1984;
Hagen et al. 2000), with an abundance of long-chain
unsaturated fatty acids in neutrally buoyant P. antarc-
ticum and A. mitopteryx (Hagen et al. 2000). These
particular fatty acids are common components of two
abundant Antarctic copepod species, Calanoides acutus
and Calanus propinquus (Hagen et al. 2000). These
copepods are likely to be important components of the
diet for P. antarcticum and A. mitopteryx. We
hypothesize that, as juveniles, D. mawsoni feed on prey
items that facilitate accumulation of subcutaneous lipid
deposits that increase buoyancy, resulting in neutral
buoyancy being achieved at adulthood. Additional data
are required to evaluate this hypothesis further. First,
diets of all size classes of D. mawsoni must be better
described to quantify differences between juveniles and
adults. Second, the lipid content and composition of
important prey species should be quantified and com-
pared with those of D. mawsoni juveniles and adults.
Finally, an ontogenetic shift in lipid content of muscle
and subcutaneous tissue that parallels that of buoyancy
must be demonstrated.
In summary, this study has documented a significant
ontogenetic shift in both buoyancy and depth in D.
mawsoni (Fig. 1). This finding is significant in that it
parallels ecological variation in habitat use and diets of
juvenile and adults in this species. Our findings are
consistent with previous studies and indicate that juve-
nile D. mawsoni use benthic habitats in shallower water,
whereas adults use pelagic habitats in deeper water. As
juveniles grow they become more buoyant, accompanied
by a gradual shift towards use of deeper water habitats
(Fig. 2). We propose that the mechanism of change in
buoyancy is an ontogenetic increase in lipid deposits
accumulated from a lipid-rich diet as juveniles. This
hypothesis can be tested through lipid content analysis,
histological studies of subcutaneous lipid deposits, and a
better understanding of diet in D. mawsoni. Phylogenetic
analyses indicate a single evolutionary origin of lipid
deposit-facilitated neutral buoyancy in notothenioids.
Adaptive diversification associated with water column
habitat use is reflected in the substantial variation in
ecology and morphology among the monophyletic,
neutrally buoyant notothenioids.
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